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ATPaseHuman papillomavirus type 16 (HPV) E1 protein provides helper function for the adeno-associated virus
type 2 (AAV) life cycle. E1 is the replication protein of HPV, analogous to AAV Rep78, but without the
endonuclease/covalent attachment activity of Rep78. Previously we have shown that E1 and Rep78 interact
in vitro. Here we investigated E1's effects on Rep78 interaction with AAV's inverted terminal repeat (ITR)
DNA in vitro, using puriﬁed Rep78 and E1 proteins from bacteria. E1 enhanced Rep78-ITR binding, ATPase
activity, Rep78-ITR-covalent linkage and Rep78-ITR-endonuclease activity (central to AAV replication).
These enhancements occurred in a dose-dependent manner whenever assayed. However, overall Rep78-
plus-E1 helicase activity was lower than Rep78's helicase activity. These data suggest that E1's broad-based
helper function for the AAV life cycle (AAV DNA, mRNA, and protein levels are up-regulated by E1) is likely
through its ability to enhance Rep78's critical replication-required biochemistries on ITR DNA.the NIH, a VA merit grant, and
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Adeno-associated virus type 2 is a nonpathogenic human parvovirus
with a single-stranded 4.68 kb genome (Muzyczka and Berns, 2001). A
unique feature of AAV biology is that productive infection usually
requires simultaneous infection of a second virus, helper virus, such as
adenovirus (Ad) (Atchison et al., 1965;Melnick et al., 1965;Hoggan et al.,
1966), herpes virus (Buller et al., 1981;McPherson et al., 1985) or human
papillomavirus (HPV) (Walz et al., 1997; Ogston et al., 2000; Meyers et
al., 2001; You et al., 2006). However AAV can replicate autonomously
under speciﬁc situations (Schlehofer et al., 1986; Yalkinoglu et al., 1988;
Yakobson et al., 1987, 1989; Meyers et al., 2000), and can establish
chromosomal latency by integrating site-speciﬁcally on human chromo-
some19 (termedAAVS1)(Kotin et al., 1992). TheAAVgenomeconsists of
two large open reading frames (ORFs) including the rep and cap genes
ﬂanked by two inverted terminal repeats (ITRs). The main rep encoded
proteins are designated as Rep78 and Rep68 both of which possess
origin-binding, helicase, ATPase, strand and site-speciﬁc nicking, andcovalent linkage required for AAV replication. The ends of the AAV
genome, the ITRs, contain identical origins of DNA replication.
Themolecularmechanism (s) throughwhich the helper viruses exert
helper effect onAAVDNAreplication is an important topic inAAVbiology
and its nature seems tovarywith thedifferent typesof helperviruses. The
Ad and herpes virus helper genes have been studied extensively;
however, the speciﬁc biochemical functions of the HPV helper genes are
yet tobedetermined.HPV-AAV interaction is also of interest asHPV is the
main risk factor for the development of cervical cancer andAAVhas been
shown to inhibit papillomavirus-associated oncogenicity in epidemio-
logic, animal, and laboratory settings (Mayor et al., 1976; Georg-Fries et
al., 1984;Hermonat, 1989, 1991; SuandWu,1996;Hermonat et al., 1997;
Horer et al., 1995; Coker et al., 2001; Walz et al., 2002). The replication
protein of HPV, E1, has a degree of homology with the Rep78 protein
(Castella et al., 2006). Like Rep78, E1 is involved in HPV DNA replication
initiation: origin (ori) recognition, ATP-dependent DNA-melting and
unwinding of DNA (Wilson et al., 2002). This protein is highly conserved
among papillomaviruses and consists of DNA binding domain and an
ATPase/helicase domain.We have shown previously that E1 could serve
as a helper gene for productive AAV replication (You et al., 2006) and E1
protein can interact with E1 in vitro, modulating their overall ATPase
activity (Bandyopadhyay et al., 2008). In this study, we examined E1's
effects on thebiochemical activities of Rep78withDNA, inparticularwith
AAV ITR DNA. Our results demonstrate that E1 stimulates Rep78's
binding, ATPase, covalent linkage to ITR DNA and endonuclease activity.
Fig. 1. Minimal change in helicase activity of Rep78 in the presence of E1. Standard
helicase assay was performed in absence or presence of indicted amount of MBP-Rep78
and/or GST-E1 proteins. The helicase substrate consisted of a radiolabeled 17-mer
annealed to M13mp18 ssDNA. (A) is one representative gel of helicase assay. The
reaction mixture for the lane marked “No protein, boil” was heated to 100 °C for 5 min
before loading. (B) Quantitative estimation of helicase activity of the proteins. Each
column represents the mean of three experiments and error bars indicate the standard
error of each mean. B is provided with a split X axis to allow easier reading of the
experimental activity.
95S. Bandyopadhyay et al. / Virology 402 (2010) 94–101AAV also holds interest for its increasing use as a human gene therapy
vector (Hermonat andMuzyczka, 1984; Tratschin et al., 1984;Worgall et
al., 2008; Maguire et al., 2008). An understanding of the mechanism by
which HPV E1modulates Rep78's role in AAV replicationmay be helpful
in optimizing the efﬁciency of vector production, suggest new
approaches of combining E1 helper activities with other characterized
helper proteins of Ad and HSV, and help us to understand the AAV-HPV
interaction and how it leads to low cervical cancer rates.
Results
The purpose of our study was to determine the mechanism of how
AAV replication increases in presence of HPV E1 (You et al., 2006). In
the course of AAV DNA replication, the Rep proteins perform a
number of essential functions. These include binding to the ITR,
nicking of the double-stranded replication intermediate at the trs,
concomitant covalent linkage to the ITR, and then strand displace-
ment and synthesis from the 3′ end of the nick. Thus, we assessed
whether these activities were affected by the addition of interacting
HPV E1 protein. All experiments were performed using bacterially
expressed Rep78 and E1 as fusions with MBP and GST, respectively.
For ease of discussion, hereafter, we will use Rep78 and E1 instead of
MBP-Rep78 and GST-E1, respectively.
Minimal change in overall helicase activity in the presence of E1
Both E1 and Rep78 haveDNA helicase activity and possibly both their
ATPase activities might be affected by E1-Rep78 interaction. To
determine this, standard helicase assay was performed in the presence
of Rep78 and E1 using radiolabeledM13-derived partial duplex substrate
as described in Materials and methods. As shown in Fig. 1, the helicase
activity of Rep78 plus E1 was not much changed from either protein by
itself. This result suggests that the helicase activity is likely not the direct
mechanism by which E1 can induce higher replication of AAV.
Increased binding of Rep78 to DNA substrates in the presence of E1
Rep78 recognizes DNA in multiple ways, however the strongest
interaction is Rep78 binding to the “RBE”within the ITRDNA (McCarty et
al., 1994). Because of an expected link between Rep78's biochemical
activity and DNA binding activities, we tried to assess E1's effect on DNA
bindingby including it an ITR-Rep78EMSA. Full lengthAAV ITRDNA in its
hairpin conﬁguration was puriﬁed and radiolabeled as described in
Materials and methods. As shown in Fig. 2A, we observed an overall
enhancement of the Rep78-ITR complex band in the presence of HPV E1,
while E1 did not itself demonstrate the ability to bind the ITR. Similar
assays using unrelated BSA protein failed to show binding to the ITR or
affects upon Rep78-ITR binding (data not shown).We also examined the
effect of E1 on the binding of Rep78 to the ITR-stem [linear double-
stranded, minus ITR B and C sequences (McCarty et al., 1994) which
contains both the RBE and nicking site]. As shown in Fig. 2B, binding of
Rep78 to the linear stem fragmentwas also enhancedbyE1, andagain, E1
alonedidnot bind the ITR-stem. Though, the increase in binding intensity
of Rep-ITR complex and the Rep-ITR-stem complex were only modest,
these increases are real as conﬁrmed by repeated experiments. The Rep-
ITR complex formed in the presence of E1 could not be captured by anti-
GST antibody (data not shown) indicating absence of E1 in the complex.
Lastly, as shown in Fig. 2C, binding of Rep78 to the p5 promoter fragment
was also enhanced by E1, and again, E1 alone did not bind p5.
One possibility for enhanced binding is that the helicase activity of E1
proteinhelps tounwind thedouble-strandedDNAsubstrate in the region
of RBE, allowing more Rep molecules to bind to the exposed single-
stranded DNA resulting in an increase in Rep-ITR complex formation.
Two other possibilities are that E1 enhances Rep's binding by promoting
multimerization of the protein or by bridging Rep into contact with its
substrate. The increase in DNA binding could result from eitherpromotion of complex formation or enhanced stability of the complex.
Competition EMSA was used to approach this question. Initially, Rep78
and ITR complex formationwas allowed in the presence or absence of E1
and the dissociation of the complex was assessed by the addition of an
excess amount of unlabeled competitor ITR DNA to the assembled
complex, as described in theMaterials andmethods section. As shown in
Fig. 2D, the level of Rep78–ITR complexes increased in the presence of E1
(as in Fig. 2A–C). Moreover, complex band intensity remained higher in
the presence of E1 over time. Fig. 2E shows a quantiﬁcation of complex
survival at 20 minpost-competitor addition and indicate higher amounts
ITR-Rep78 complex remain in the presence of E1. However, this higher
amount does not appear due to an effect on complex stability as an equal
proportion of Rep78 remains bound in presence or absence of E1, but due
to the enhanced higher initial binding of Rep78 to ITR.
We also examined the effect of ATP on Rep-ITR complex formation
in the presence or absence of E1. No signiﬁcant difference had been
observed in the Rep78-ITR complex formation in the presence of E1 in
regards to the addition of ATP (Fig. 3). However, the addition of ATPγS
to the reaction, reduced Rep78's binding to ITR in the presence or
absence of E1 implicating ATP stimulates Rep binding to the ITR
irrespective of the presence E1. Since ATPγS is a non-hydrolyzable
analogue, it would presumably remain bound to Rep, unlike ATP,
which would be hydrolyzed. These data suggest that ATP hydrolysis
may be involved in Rep78-ITR complex formation or stabilization
regardless of E1. The addition of ADP, non-hydrolyzable by Rep78, also
seems to support this issue.
Fig. 2. Enhanced binding of Rep78 to multiple AAV DNA substrates in the presence of E1. 32P-labeled DNA substrates, as indicated, were incubated with the indicated amounts of
MBP-Rep78 in the absence or presence of GST-E1 and analyzed by EMSA. Numbers indicate the amount of the added proteins in micrograms. The positions of free probe and probe
bound in a Rep complex are indicted as “free” and “bound.” (A) Binding of MBP-Rep78 to complete hairpin ITR DNA was enhanced by GST-E1 in a dose-dependent manner. (B)
Binding of MBP-Rep78 to ITR-stem was also enhanced by GST-E1 in a dose-dependent manner. (C) Binding of MBP-Rep78 to p5 promoter DNA was also enhanced by GST-E1 in a
dose-dependent manner. (D) Survival of the MBP-Rep78-ITR complex over time was enhanced by GST-E1. (E) Graphical representation of enhanced stability of Rep78-ITR complex
in presence of E1 after challenging preformed complex with unlabeled ITR substrate for 20 min.
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One critical biochemical activity of Rep78 for AAV DNA replication is
endonuclease (nickase) activity. E1, which has no endonuclease activity,
was assayed for the ability to modulate Rep78's endonuclease activity
using ITR as a substratewith resulting site-speciﬁc cleavage at the trs site.
Endonuclease activity of Rep78 was measured by the formation of a
speciﬁc sized small cleavage product, a higher mobility band (lower
band) on a polyacrylamide gel upon incubation of Rep78 with 5′
radiolabaled ITR in a trs endonuclease assay. As shown in Fig. 4A the
amount of the endonuclease productwas enhanced in the presence of E1
and the overall activity of the twoproteins togetherwas greater thanRep
activity alone. Fig. 4B represents average quantiﬁcation of the resultsfrom 3 experiments. This result strongly suggests that E1 is able to
enhance Rep78's endonuclease activity on the AAV ITR. Lastly, as shown
in Fig. 4C the endonuclease activity of Rep78 on the ITRwas enhanced by
the addition of E1 in a dose-dependent manner. The activity was
quantiﬁed by measuring the product intensities over the substrate
intensities and then normalized to Rep78 alone activity. This result
suggests that the enhanced binding of Rep78 to ITR in the presence of E1
likely results in increased Rep78 endonuclease activity.
Enhanced Rep78-covalent linkage to the ITR in the presence of E1
During AAV DNA replication, concomitant with Rep78's endonucle-
ase activity is covalent attachment of Rep78 to the 5′ nicked DNA end.
Fig. 3. Modulation of Rep78-ITR complex formation by E1 and ATP analogues. 32P-
labeled ITR DNA was incubated with MBP-Rep78 in absence or presence of GST-E1 plus
the presence of ATP, ADP or ATPγS in an EMSA analysis. ATPγS is a non-hydrolyzable
ATP analogue.
Fig. 4. Enhanced endonuclease activity of Rep78 on the ITR-hairpin substrate in
presence of E1. Representative Standard trs endonuclease activity of Rep78-ITR
(hairpin) in presence or absence of E1 (A) as described in Materials and methods.
Quantitative measurement of the nicked product is shown graphically (B). Each column
represents the mean of four experiments. Error bars indicate the standard error of each
mean. (C) Analysis of Rep78-ITR nicking in the presence of increasing amounts of E1.
The number indicates % of nicking normalized to MBP-Rep78 alone.
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endonuclease assay was measured by the formation of the lower
mobility band (higher band) on an SDS-polyacrylamide gel upon
incubation of Rep78with 3′radiolabaled ITR in a trs endonuclease assay
(Fig. 5A). The substrate was 3′ end labeled so that the label would be
present on the fragment which was covalently linked to Rep78. As
shown in Fig. 5B, Rep78 could be covalently linked to hairpin ITR more
efﬁciently in the presence of E1, and Fig. 5C shows that covalent linkage
occurs in a dosage-dependent manner with increasing addition of E1.
Again, it must be mentioned that HPV E1 protein has never been
described to have any ITR- or generalized DNA-covalent linkage activity
of any type. In turn, these results are fully consistent with and conﬁrm
the increase in Rep78's endonuclease activity on hairpin ITR DNA in the
presence of E1 (Fig. 3A and B). This result also suggests that the
enhanced binding of Rep78 to ITR in the presence of E1 results in
increased in endonuclease and covalent attachment activity.
ATPase activity is enhanced by E1 speciﬁcally in the presence of
hairpined ITR DNA
An important featureof Rep78 is itsATPase activitywhich is required
for the helicase function, endonucleolytic cleavage in the ITR, and for
covalent attachment of Rep78 to ITR DNA. E1 was previously shown
(Bandyopadhyay et al., 2008) to reduce Rep78's ATPase activity. In
contrast, here we have shown that ATP-dependent endonuclease
activity of Rep78 is increasing in the presence of E1. It was suspected
that the presence of DNA might exert some effect on ATPase activity of
Rep78 in the presence of E1. To answer this question, we assayed the
effect of E1 on the ATPase activity of Rep78 in the presence of three
different DNA substrates (unrelated single-stranded DNA, double-
stranded ITR-stem, hairpin ITR). ATPase assays were performed in the
presence of 100 ng of the three different DNA substrates as described in
Materials and methods. As shown in Fig. 6, maximum ATPase activity
occurred with the addition of hairpin ITR DNA.
Discussion
Rep78 is a critical protein driving AAV's life cycle. Previouswork has
shown that human papillomavirus replication protein E1 has signiﬁcant
helper activity for AAV (You et al., 2006) and that it could bind Rep78 invitro (Bandyopadhyay et al., 2008). This study demonstrates that the E1
up-regulates multiple AAV Rep78-inverted terminal repeat DNA
biochemistries related to replication. Here it is shown that E1 mildly
enhances the binding of Rep78 to hairpin ITR as well as to the ITR-stem,
similar to that seen (Stracker et al., 2004) by the addition of HSV ICP8,
Ad-DBP, and RPA.While the hairpin portions (B and C) of the ITR do not
play a role in the Rep78 binding, its presence is required for efﬁcient trs
endonuclease activity. Most important, both trs endonuclease activity
and coupled covalent attachment of Rep78 to hairpin ITR were more
efﬁcient in the presence of E1 compared to Rep78 alone. During lytic
infection, Rep78 trs endonuclease activity/covalent attachmentmust be
efﬁcient to complete DNA replication, produce monomeric genomes,
Fig. 5. Enhanced Rep78-ITR-hairpin-covalent linkage in the presence of E1. The covalent attachment assay was performed similar to the standard trs endonuclease assay as described
in Materials and methods. 1 µg of MBP-Rep78 and/or 1 µg GST-E1 was incubated with 3′-labeled ITR-hairpin probe, SDS sample buffer was added, the sample was boiled and the
probe covalently attached to MBP-Rep78 was separated from the free probe by electrophoresis on a SDS-6% polyacrylamide gel. (A) is a representative gel of covalent attachment
assay. (B) is a graphical representation of the comparison of the amounts of covalently linked probe to MBP-Rep78 in absence or presence of GST-E1. (C) Analysis of Rep78-ITR-
covalent attachment in presence of increasing amounts of E1.
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nucleus. Due to the critical nature of Rep78 trs endonuclease activity/
ITR-covalent linkage, these data suggest this is at least one mechanism
throughwhichE1exerts its helper effect. Consistentwith these elevated
activities, ATPase activity is also enhanced by E1 in presence of hairpin
ITR. Enhanced Rep78-ITR binding in the presence of E1 is also consistent
with enhanced nickase and covalent attachment activity.
E1's prime function forHPV is as an origin-bindinghelicase, thus, it is
also possible that E1 is opening up the duplex ITR to facilitate Rep78's
binding to ITR and in turn the nicking activity. However, we did not
observe any increase in helicase activity by Rep78 in the presence of E1.
It is important to note that the limiting factor of the standard helicaseFig. 6.Modulation of ATPase activity of Rep78 in the presence of E1 and three DNA substrate
ATPase reaction mixture contained 7.8 pmol of E1 or Rep78 or both the proteins together in p
quantiﬁed in each case. Error bars represent one standard deviation from at least three triaassay is the use of the non-AAV substrate. HPV E1's effect on Rep's DNA
binding and endonuclease activities are similar to the effect observed for
the high mobility group chromosomal protein 1, which also directly
interact with Rep proteins. Another Rep interacting protein ‘single-
stranded DNA binding protein’ has been reported for having similar
effect on ITR (Stracker et al., 2004). However, these studies did not assay
for increases in ATPase activity and covalent attachment, all ofwhichwe
observe to be enhanced by E1. Itmust also bementioned that inmost of
the experiments we used higher concentrations of E1 than Rep78, that
the in vitro concentrations of these proteins was arbitrary, without
accurate knowledge as to whether these concentrations mimic the in
vivo situation, and that in vivo there are many additional cellulars. Standard ATPase assays were performed as described in Materials and methods. The
resence of different DNA substrates as indicated. The percentage of ATP hydrolyzed was
ls.
Fig. 7. Proposedmodels for HPV-E1 and AAV Rep78 interaction. Shown are depictions of
three models for E1-associated enhancement of Rep78-ITR biochemistry. The “escort”
model depicts E1 promoting Rep78-multimerization. The “peripheral” model depicts
the “escorted model plus a continued weak association of E1 with the Rep78-ITR
complex, which is too weak to be observed by EMSA. The “integrated” model suggests
substitution of E1 in place of some Rep78 molecules within the Rep78-ITR complex
itself. This latter model is the least likely.
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or modify Rep78-E1 interactions that we observe here.
Rep78 protein is one of the members of SF3 helicases (Tuteja and
Tuteja, 2004). Though the mechanism of these helicases is not entirely
understood, they function as motor proteins coupling the energy from
the hydrolysis of ATP to the unwinding of duplex DNA with 3′–5′
polarity (vonHippel andDelagoutte, 2001, Caruthers andMcKay, 2002).
In their function as motor proteins, their oligomeric structure is
important. Rep78 forms oligomers when it binds to DNA, in some
cases the association is promoted by ATP, though the exact oligomeric
structure is unknown. A hexameric structure is proposed in one study
(Smith et al., 1997) based on the behavior of Rep78-DNA complex by
cross-linking experiment and on chromatography. Our EMSA analysis
indicates that Rep78 forms oligomers on the target DNA and this could
beenhancedbyE1. Aswehave seen and also reportedbyothers (Li et al.,
2003), multiple species in mobility shift assay suggest multiple
oligomeric states of Rep78 bound to ITR DNA (Weitzman et al., 1994)
and some of these oligomeric forms are promoted by ATP. Similarly,
Christensen et al. (1995) have reported that the binding of the
homologous NS1 protein of minute virus of mice to the viral p38
promoter is ATP-dependent. Furthermore, NTPs and/or non-hydrolyz-
able NTP analogues have been shown to increase and/or stabilize the
oligomerization of certain prokaryotic helicases, including helicase II of
E. coli (Brosh and Matson, 1996) and the gp41 and gp4 helicases of
bacteriphages T4 and T7, respectively (Dong et al., 1995).
Rep78's ATPase activity is required both for the helicase function and
endonuclease/covalent attachment activity. The ATPase activity is
stimulated by DNA and is associated with the oligomerization of the
protein (Dignam et al., 2007). Oligomerization promotes a conforma-
tional change of the protein activating its ATPase activity. Presence of
target DNAhelps to formmore active oligomers.Wehave seen activation
of Rep78'sATPase activity in thepresenceof single-strandedDNA,duplex
stem and full hairpin structure of ITR. The ITR speciﬁc sequence
requirement of Rep78's ATPase activity has been reported by Dignam
et al., 2007. In our experiments, maximum ATP hydrolysis is observed in
the presence of ITR DNA in its hairpin conformation, consistent with
Dignam et al. E1 enhanced Rep78ATPase activity, binding to the ITR, ITR-
endonuclease and ITR-Rep78 covalent attachment. These enhanced
activities are consistent with the increase in AAV DNA replication
observed previously in the presence of E1 (You et al., 2006). In future
workwe intend tomap the interactiondomain/sof these twoproteinsby
in vivo analysis in which our laboratory is presently engaged.
Fig. 7 shows three potential models for E1's effects on Rep78-ITR
interaction. These include the “escort” model, in which E1 facilitates
Rep78 multimerization and, thus, enhances multiple downstream
Rep78 biochemistries on ITR DNA, including enhanced Rep78-DNA
binding. However, direct E1 interaction with the preformed Rep78-
ITR complex is low. Another model is the “peripheral”model in which
E1 maintains a minimal association with the Rep78-ITR complex and
facilitates Rep78-ITR biochemistries. Finally there is the “integrated”
model in which E1 is hypothesized to substitute for Rep78 in the
protein hexamer-DNA complex. The failure to identify super-shifted
E1-Rep78-ITR complexes in EMSA assays by the addition of anti-GST
antibodies suggests the “integrated” model is unlikely (data not
shown). It must be noted however that MBP-Rep78 and GST-E1 are
very similar in size and that if E1 were replacing some Rep78
molecules in the protein hexamers, the difference in size would be
minimal and might not be observable. Both the “escort” and
“peripheral” models would seem to be compatible with most of the
data presented here. Weak E1 interaction with Rep78-ITR complexes
might be present yet not strong enough to be visible by EMSA.
Furthermore, preliminary experiments suggest that E1 may have
multiple Rep78-binding domains (Bandyopadhyay and Hermonat,
unpublished), which suggests that there may be multiple E1-binding
sites within Rep78. Most Rep78-Rep78 interaction resides in the
carboxy terminal of Rep78 and known to responsible for most Rep-Rep interactions (Hermonat and Batchu, 1997). It is possible that E1
monomer-dual Rep78 binding could facilitate Rep78 dimer formation
and enhance all downstream Rep78 biochemistries.
Thorough understanding of helper virus functions for AAV biology
is important for its successful application as a gene therapy vector. In
fact, it may be possible to improve rAAV production by combining
different helper genes/proteins, such as E1with those of other helper
genes viruses, eachwith a deﬁned and differentmechanism of action.
Finally, AAV-HPV interaction also regulates the risk of cervical cancer.
HPV's E1 helper functions for AAV constitutes an important
component of this interaction.
Conclusions
Herewe investigatedHPVE1's effects onAAVRep78 interactionwith
its ITR DNA substrate in vitro. It was found that E1 enhanced Rep78-ITR
binding, ATPase activity, Rep78-ITR-endonuclease activity and Rep78-
ITR-covalent linkage (central to AAV replication). These data suggest
that E1's helper function for the AAV life cycle is likely through its ability
to enhance Rep78's critical biochemistries on ITR DNA.
Materials and methods
Puriﬁcation of proteins
MBP-Rep78 and GST-E1 fusions were expressed and puriﬁed as
previously described (Batchu et al., 1995; Bandyopadhyay et al.,
2008). The quality and the predicted molecular size of these proteins
were conﬁrmed by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Commassie blue staining (data not
shown) following the standard protocol.
DNA substrates for in vitro biochemical assays
The DNA helicase substrate was generated by annealing a 32P-end
labeled 17-mer complementary primer to M13mp18 ssDNA as
described previously (Kikuma et al., 2004) with some modiﬁcations.
TheDNAprimerwas 5′-end labeled by T4polynucleotide kinase and [γ-
32P) ATP and free ATP was removed by G-25 column (Amersham
Pharmacia Biotech). This labeled oligomer was annealed to M13mp18
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cooling to room temperature. The partial duplex substrate was puriﬁed
using a MicroSpin S-400 HR column (Amersham Biosciences). Radiol-
abled AAV hairpin DNA in ﬂop orientation for mobility shift assay and
endonuclease assay was prepared by digestion of psub201 (Samulski et
al., 1987) with XbaI and PvuII as previously described (Wu et al., 1999)
and labeled at the 5′ end with T4 polynucleotide kinase. The substrate
was boiled and snap cooled to forma hairpinwith a double-stranded trs.
The ITR-stem, used in Fig. 2B, is purchased commercially and the
sequences are as follows: TCCAGGAACCCCTAGTGATGGAGTTGGC-
CACTCCCTCTCTGCGCGCTCGCTCGCTCACTGAGGC and Phos-GCCTCAGT-
GAGCGAGCGAGCGCGCAGAGAGG-GAGTGGCCAA-CTCCATCAC-
TAGGGGTTCCTGGA. The stem sequences contain both the Rep binding
element (RBE) and trs nicking site. The oligos were annealed following
the manufacturer's instructions. Brieﬂy, the oligos were annealed
together in 50 µl of reaction buffer which was heated to 65 °C for
10 min and then allowed to cool slowly to room temperature. The
annealed oligos were labeled with (γ-32P) ATP and T4 polynucleotide
kinase and puriﬁed over a G25 column. The sequences of the oligo
used to prepare the ITR-stem and ITR-hairpin substrate for the ATPase
assay are as follows: TR1-TGAGGCCGCCCGGGCAAAGCCCGGGCGT-
CGGGCGACC-TTTGGTCGCCC-GGCCTCAGTGAGC (61 mer);
TR2- AGGAACCCC-TAGTGATGGAGTTGGCCACTCCCTCTCTG-
CGCGCTCGCTCGCTCAC (55mer); TR4- GAGCGAGCGCGCA-GAGAGG-
GAGTGGCC-AACTCCATCACTA (40 mer). ITR-stem substrate was
prepared by annealing TR4 and TR2 following manufacturer's instruc-
tion. ITR –hairpin substrate was prepared by ligating TR1 to ITR-stem.
Hairpin conformation of the ITR substrate was achieved by boiling and
snap cooling the complete substrate. The 3′-labeled wt ITR for covalent
attachment assay was prepared by boiling and quickly chilling an
unlabeled XbaI-PvuII fragment and then ﬁlling in the 5′ overhang with
Klenow fragment and [α-32P] dCTP (Chiorini et al., 1994). The p5
substrate (AAV2 nucleotides 151–289) for electrophoretic mobility
assays (EMSAs) was generated by PCR ampliﬁcation using plasmid
PSM620 (Samulski et al., 1982) as the template for ampliﬁcation and
the following primers AAV-p5-1: 5′ AGGGGTTCCTGGAGGGGTG and
AAV-p5-2: 5′ CAAACCTCCCGCTTCAAAATG. Reaction conditions for p5
PCR was performed as described previously (McCarty et al., 1994).
Helicase assay
The standard helicase assay was performed under the conditions
described previously (Wu et al., 1999) with some modiﬁcations. 32-P
labeled helicase substrate (25,000) cpmwas incubatedwithGST orMBP
fusion proteins in a 20 µl reaction mixture containing 25 mM HEPES-
KOH (pH7.5), 10 mMMgCl2, 1 mMDTT, 0.4 mMATPand 10 µg/ml BSA.
The amount of the proteins is indicated in the ﬁgure. The reaction
mixturewas incubated for 30 min at 37°C and the reactionwas stopped
by the addition of 10 µl gel loading buffer (0.5%SDS, 50 mM EDTA, 40%
[vol/vol] glycerol, 0.1% [wt/vol] bromophenol blue, 0.1% Xylene
Cyanol). The substrate and product were separated by nondenaturing
6%polyacrylamidegel electrophoresis (PAGE) in 1XTAEbuffer. The gels
were dried and exposed to X-ray ﬁlm for autoradiography. Densito-
metric scanning was done by the Molecular Imager (Bio Rad) and
quantiﬁcation was done by Quantity One software.
Electrophorectic mobility shift assay
Electrophorectic mobility shift assay (EMSA) was carried out as
described previously (Wuet al., 1999). The amount of puriﬁed proteins is
indicated in the ﬁgure. Brieﬂy, radiolabeled AAV hairpin DNA was
incubated at 24 °C for 30 min in a ﬁnal reaction volume of 20 µl
containing 25 mM HEPES-KOH (pH 7.5), 10 mM MgCl2, 1 mM DTT,
0.5 µg BSA, 50 mMNaCl, 2% glycerol, 0.01%NP-40, 1 µg of poly dI:dC. The
DNA-protein complexes were resolved by 4.5% nondenaturing PAGE in
0.25X Tris-borate-EDTA buffer. The gels were dried and data wereanalyzed by PhosphorImager and Quantity One software. For ITR-stem
substrate, the radiolabelled substratewas incubated in a 20 µl reaction in
binding buffer (10 mMTris pH 7.5, 50 mMNaCl, 4% (v/v) glycerol, 1 mM
MgCl2, 0.44 mM EDTA, 0.5 mm DTT, 12.5 ug dI/dC per ml, 50 ug of BSA
per ml) for 20 min at room temperature. The DNA-protein complexes
were resolved by 4.5% nondenaturing PAGE in 0.25X Tris-borate-EDTA
buffer. The gels were dried and data were analyzed by PhosphorImager
and Quantity One software. The stability of Rep78-ITR complex in
presence of E1 was determined by challenging preformed Rep78-ITR
complex with an excess of unlabeled ITR substrate and measuring the
decay of labeled ITR-protein complex . To determine the effect of
adenosine triphosphate (ATP) on Rep78-E1 interaction on ITR, ATP, non-
hydrolyzable ATP and ADPwas added at 0.5 mM to the reactionmixture.
Endonuclease assay
Endonuclease assay was performed as described by Wu et al., 1999,
with minor modiﬁcations. Brieﬂy, 5′-32P-end labeled AAV hairpin DNA
(25,000 cpm)was incubatedwith GST or MBP fusion proteins in a 20 µl
reaction volume containing25 mMHEPES-KOH(pH7.5), 10 mMMgCl2,
1 mMDTT, 0.4 mMATP and 10 µg/ml BSA. The amounts of the proteins
are indicated in the ﬁgure. The mixture was incubated for 30 min at
37 °C, and the reactions were terminated by the addition of 10 µl gel
loading buffer (0.5%SDS, 50 mMEDTA, 40% [vol/vol] glycerol, 0.1% [wt/
vol] bromophenol blue, 0.1% Xylene Cyanol). Subsequently, the
mixtures were boiled to release the nicked fragment. The products
were resolved by 6% nondenaturing PAGE in 1 X TAE buffer. The gel was
then dried and exposed to X-ray ﬁlm for autoradiography. Densitomet-
ric scanningwas done byMolecular Imager (Bio Rad) and quantiﬁcation
was done by Quantity One software.
Covalent attachment assay
Covalent attachment was assayed by performing trs endonuclease
assay with 3′ labeled ITR probe. As described previously (Davis et al.,
2000), puriﬁed 3′-end labeled ITR DNAwas incubated in the presence
of MBP-Rep78 and/or GST-E1 in 20 µl reaction volume containing
25 mM HEPES-KOH (pH 7.5), 5 mM MgCl2, 1 mM DTT, 0.4 mM ATP
and 10 µg/ml BSA at 37 °C for 30 min. Then, 5 µl of 5X SDS gel loading
buffer (125 mM Tris–HCl [pH7.5], 5%[wt/vol] SDS, 50% [vol/vol]
glycerol, 0.25% [wt/vol] bromophennol blue, 1% [vol/vol] β-mercap-
toethanol) was added to the reaction mixture and boiled for 7 min.
The 3′ labeled probe covalently bound to MBP-Rep78 was separated
from the free probe by electrophoresis on a SDS-6% polyacrylamide
gel. The gel was then soaked for 30 min in a ﬁxing solution containing
20% methanol, 10% acetic acid and 5% glycerol; dried and autoradio-
graphed. Densitometric scanning was done by Molecular Imager (Bio
Rad) and quantiﬁcation was done by Quantity One software.
ATPase assays
ATPase assays were carried out as previously described (Bandyo-
padhyay et al., 2008) with some modiﬁcations. In a ﬁnal volume of
10 µl containing 25 mM Tris–HCl (pH 7.4), 50 mM NaCl, 10 mM
MgCl2, 1 mM DTT, 100 µg BSA/ml, 0.066 µM of [α-32P]ATP (3000 Ci/
mmol), 100 ng of different DNA substrates (ssDNA/TR-stem/TR)
were added. The reaction was carried out at 37 °C for 30 min in the
presence of either individual proteins or both the proteins together.
The reaction was terminated by the addition of EDTA to a ﬁnal
concentration of 20 mM and the products were analyzed by thin layer
chromatography (TLC). One microliter of the reaction mixture was
taken out and spotted onto plastic-backed polyethyleneimine (PEI)-
cellulose sheets (EM Sciences, Gibbstown, NJ). The sheets were
developed by ascending chromatography in 1.0 M formic acid and
0.5 M LiCl, dried and scanned by Molecular Imager (Bio Rad).
Quantiﬁcation was done by Quantity One software.
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